Two independent high beam current shut-off current monitoring systems (BESOCM) have been installed in the APS linac and the low energy transport line to provide personnel safety protection in the event of acceleration of excessive beam currents. Beam current is monitored by a fast current transformer (FCT) and fully redundant supervisory circuits connected to the Access Control Interlock System (ACIS) for beam intensity related shutdowns of the linac. One FCT is located at the end of the positron linac and the other in the low energy transport line, which directs beam to the positron accumulator ring (PAR). To ensure a high degree of reliability, both systems employ a continuous selfchecking function, which injects a test pulse to a single-turn test winding after each "real" beam pulse to verify that the system is fully functional. The system is designed to be failsafe for all possible system faults, such as loss of power, open or shorted signal or test cables, loss of external trigger, malfunction of gated integrator, etc. The system has been successfully commissioned and is now a reliable part of the total ACIS.
INTRODUCTION
The BESOCM system is designed to prevent the unintentional acceleration of high beam currents that could result in unexpected and hazardous radiation fields. Two BESOCM systems have been installed at locations shown in Fig. 1 . The current design is based on detecting beam current of a single 30ns macropulse in the positron linac and linac-to-PAR transport line (LTP) (1) . Should measured beam current exceed the preset trip levels, accelerator operation is immediately shut down through hard-wired trip circuits (i.e. no software links) interfaced to the ACIS.
The trip levels of two systems specified by the APS Accelerator System Division Radiation Safety Policy Committee are (2) :
Positron linac BESOCM 25 nC / macropulse for electrons only LTP BESOCM 0.67 nC /macropulse for electrons or positrons The main purpose of the positron linac BESOCM is to limit the radiation level for all downstream locations in case of the positron target failure. It is understood that the positron current level at this location will never reach a level high enough to cause safety concerns. Therefore, it is not necessary to set a positron trip level for the system.
A BESOCM trip will occur if the total charge in one macropulse exceeds the trip leveL The safety envelopes are, however, based on averaging the current over some time period. Because of this, a BESOCM trip does not indicate a violation of the safety envelope, but rather that a condition has been detected, which might have resulted in a violation of the safety envelope if it had been allowed to persist.
The high reliability of the system is ensured by using two completely redundant channels in each system starting from the FCT all the way through to the ACIS connectors. Furthermore, each system employs a continuous self-checking function to test for various failure conditions. The accelerated beam will be inhibited if a fault condition is detected. 
SYSTEM DESCRIPTION
The design and basic operation of the systems presently installed will be described by referring to the block diagram in Fig. 2 and the system timing diagram in Fig. 3 .
The beam total charge measurement for pulsed beam of charged particles is performed by an FCT and a fast gated integrator described in (3) and (4). This gated integrator, with its fast response, well-defined output, and very small droop rate, makes it possible to accurately measure the total charge of the single 30ns linac macropulse and to provide a stable DC level proportional to the charge for limitcheckings.
The output signal from the preamplifier is integrated by the gated integrator during a gate interval that is controlled by the timing and control unit The external trigger signal to the timing and control unit is derived from the linac modulator #1 trigger so that the gate pulse is synchronized to the 2 to 60 Hz Unac firing. It was determined that there is a significant delay plus rise time associated with the turn-on of the modulators. Based on this, a 1.5-//S delay is added between the modulator #1 trigger and the leading edge of the gate pulse for beam signal as shown in Fig. 3 . In addition, the gate is set to be wide enough ( 6.5 jus ) to cover the time period when beam could be injected from the gun and overlap the if power pulse in the accelerators (5). The system also employs an external trigger monitor designed to check for the presence of the external trigger signal. If the external trigger is absent for longer than one second, a fault will be generated to disable linac operation. Fig. 3 Timing diagram of the BESOCM system
As illustrated in Fig. 3 , the bipolar gated integrator has a positive or negative output DC level proportional to the positron or electron beam total charge, respectively. The integrator's output DC level is monitored by both window detector 1(WD1) and window detector 2 (WD2), each enabled in a different time slot. The WDl has an upper limit corresponding to the positron trip level and a lower limit corresponding to the electron trip level. It is used to detect an out-of-range beam signal, when enabled after the gate window for the beam signal is closed and before the gated integrator's output is reset to zero. Approximately 30/^s after the beam pulse, a test pulse also synchronized to the linac beam is sent to a single-turn test winding in the current transformer. The detected signal from the test winding is integrated by the same gated integrator and compared to closely-set high and low limits of the WD2. When a failure condition occurs, such as malfunction of the gated integrator, open or shorted signal or test cables, etc., the gated integrator's output DC level for the test pulse will be outside the preset limits. It is important to note that the system is always under continuous test even without beam.
If any one of the four limits of the two window detectors is exceeded during the operation, the interlock relay is opened and the ACIS will shut down all linac systems.
All system faults are latched, identified, and indicated on the electronics chassis' front panel. The critical checkpoints in the system are buffered for access from the front panel. The fault can be reset locally or remotely via the control system. Photographs of the system's front and rear panels are shown in Fig. 4 and Fig. 5 . The system is fully redundant with two identical channels in each chassis. Two independent power supplies are provided for the separate channels. The front panel door shown in Fig.4 has to be locked to close the interlock loop. The controls behind the door are for setting the trip levels and adjusting the timing variables. The adjustments can only be made by authorized personnel. Fig. 4 The front panel of the BESOCM electronics chassis 
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OPERATIONAL EXPERIENCE
The positron linac and LTP BESOCM systems have been installed and operating since February, 199*. All system functions were tested as part of the ACIS validation test procedure before operations started. Overall system reliability is excellent. Both systems have performed the job as required and aborted in the fail-safe mode. A typical operational cycle with real linac electron beam (the APS injector sub-systems are currently running on the electron beam only) is shown in Fig. 6 . A \.5-/us gate delay and 6.5-ys gate width are indicated.
The only problem encountered which remains to be resolved is the noise-related false trips generated by the LTP BESOCM system especially during the early commissioning stage. The positron linac BESOCM system was almost never tripped because of high trip levels. As noted in a previous section, the gate window of the gated integrator is set for a long period ( 6.5/JS ) to ensure that a linac beam triggered at any time during the linac rf pulse active time can be monitored by the gated integrator, and the trip level set for the LTP BESOCM is only 670pC. This means that the gated integrator has to integrate the noise over a .6,5-^ window while it has only 30ns to integrate real beam signal. It is clear that noise can sometimes dominate the integral and produce a false trip. The high voltage PAR kicker pulse power supplies near the LTP BESOCM current transformer housing were identified as the main noise source. The intermittent kicker noise picked up by the FCT has a noise pattern shown in Fig. 7 . It consists of a high frequency burst which is integrated with no effect, and a clean low frequency sinewave following the initial high frequency transient, which results in a DC offset and sometimes a trip. To solve the problem, the shielding and grounding of the kicker power supplies were modified and improved. This reduced the number of false trips. Unfortunately, the results have been unstable due to the complicated kicker grounding structures. Some upgrades from the BESOCM system side have been discussed and will be implemented soon, including using heavier and more thorough shielding for the LTP FCT and triaxial cable to transmit the signal to the instrument room, shortening the gate window slightly to eliminate the majority of noise effect, and equipping the system with a firmware-based method of averaging the beam current over some time period within the safety envelope.
CONCLUSION
The high beam current shut-off systems were developed to eliminate the possibility of accidental radiation exposure due to unintentional acceleration of high beam currents. This capability allows management to define a safety envelope of operation that contributes to significantly improved protection at the accelerator. The system's high relialiability is ensured by employing hardwired design, redundant monitoring channels, built-in self-checking functions, and many other fail-safe features. The system described satisfies the present operational requirements. Some system upgrades are to be implemented.
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